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2 
Highlights 34 
 Water use efficiency and growth show positive intra-specific correlations in trees 35 
 Association increases from Mediterranean to subtropical, temperate and boreal biomes 36 
 Positive correlations dominate in conifers and shrubs, but not in broadleaves 37 
 Correlation is higher for seedlings, and using leaf 13C, than for adults and wood 38 
 The strongest genetic associations appear under controlled and optimal conditions 39 
40 
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3 
ABSTRACT 4  
The study of intra-specific variations in growth and plant physiological response to drought is 42 
crucial to understand the potential for plant adaptation to global change. Carbon isotope 43 
composition (13C) in plant tissues offers an integrated measure of intrinsic water use 44 
efficiency (WUEi). The intra-specific association between 
13
C and productivity has been 45 
extensively studied in herbaceous crops, but species-specific information on woody plants is 46 
still limited and has so far provided contradictory results. In this work we explored the general 47 
patterns of the relationship between 13C and growth traits (height, diameter and biomass) 48 
using a meta-analysis. We compiled information from 49 articles, including 176 studies 49 
performed on 34 species from 16 genera. We found a positive global intra-specific correlation 50 
between 13C and growth (Gr= 0.28, P<0.0001), stronger for biomass than for height, and 51 
non-significant for diameter. The extent of this intra-specific association increased from 52 
Mediterranean to subtropical, temperate and boreal biomes, i.e. from water-limited to energy-53 
limited environments. Conifers and shrubs, but not broadleaves, showed consistent positive 54 
intra-specific correlations. The meta-analysis also revealed that the relationship between 13C 55 
and growth is better characterized at juvenile stages, under near-optimal and controlled 56 
conditions, and by analyzing 13C in leaves rather than in wood. 57 
 58 
 59 
Key words: water-use efficiency; growth; height; diameter; genetic variation; biomass 60 
61 
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4 
1 Introduction 62 
Productivity in over 40% of the vegetated land area is limited by water availability, while 63 
another 33% experiences water limitations due to constraints associated with cold 64 
temperatures or inaccessibility of frozen water [1]. Hence, there is a clear dependence of plant 65 
productivity on water use (i.e. amount of water evapotranspired) around the globe [2]. 66 
Foresters are especially interested in wood production, an outcome of secondary growth from 67 
vascular cambium leading to the radial growth of tree stems, branches and roots. In addition 68 
to the variability caused by the environment, woody species also show genetic variation in 69 
their growth characteristics due to differences at the population, family or clonal levels [3-5]. 70 
Under future climate change scenarios, the importance of water scarcity as a factor limiting 71 
plant growth and terrestrial ecosystem productivity might increase worldwide, particularly in 72 
arid and semi-arid regions ([6], but see [7]). In this context, the study of intra-specific 73 
variability in growth and associated physiological responses to drought is crucial to 74 
understand the potential for adaptation of forest trees to climate change [3,8]. 75 
 76 
Carbon isotope composition (13C) in plant tissues offers an integrated measure of the ratio 77 
between chloroplastic and atmospheric CO2 concentrations (Cc/Ca), and hence can be used to 78 
estimate the ratio between net CO2 assimilation rate (A) and stomatal conductance for water 79 
vapour (gs), i.e. intrinsic water use efficiency (WUEi) after making certain assumptions about 80 
mesophyll conductance and post-photosynthetic fractionations [9]. Plant productivity and 81 
WUEi are correlated at multiple levels, but the nature of this relationship depends mainly on 82 
the leading term in the quotient A/gs; 1) when higher WUEi is related to an increase in 83 
photosynthesis, then positive relationships with growth are expected; 2) conversely, if higher 84 
WUEi implies a tighter stomatal control, it tends to be inversely correlated with growth [10]. 85 
The first case is exemplified by genotypes with higher photosynthetic potential, showing a 86 
higher WUEi than low photosynthesis, less productive ones [11,12]. In the second case, high 87 
WUEi results from low water use and consequently, is linked to lower productivity [13,14]. 88 
 89 
The use of carbon stable isotopes to characterize plant genetic variability in WUEi is generally 90 
preferred over conventional gas exchange methods (i.e. infra-red gas analysers) because it 91 
provides a less disturbing, more integrated record of the ratio A/gs over the period in which 92 
the plant tissue was formed [10,15]. Nonetheless, there are several aspects that introduce 93 
uncertainty when analysing the relationship between WUEi and growth other than the 94 
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5 
variability in A/gs. For instance, A determines carbon inputs, but growth is only one of the 95 
many possible fates of assimilates [16]. Indeed, increasing A does not always lead to a 96 
concomitant increase in growth [17,18]. Broadly speaking, fixed carbon can be allocated to 97 
either above- or below-ground organs, and the proportional allocation to roots relative to that 98 
in shoots depends upon the degree of limitation experienced by aboveground resources (e.g. 99 
low light intensity produces etiolation) relative to the limitation from soil resources (e.g. water 100 
or nutrient scarcity enhances root growth [19,20]). Emission of volatile organic compounds or 10  
the non-linear increase of respiration rates with tree size [21,22] further complicates the 102 
theoretical relationship between WUEi and aboveground growth. Therefore, although this 103 
work focusses on the association between WUEi and aboveground growth (a feature of 104 
interest for foresters and, hence, a prevalent topic in the literature), a different picture could 105 
potentially emerge if whole plant growth had been considered instead. 106 
 107 
The intra-specific association between WUEi and productivity has been extensively studied in 108 
herbaceous crops. In general, the most productive genotypes are water spenders and, thus, 109 
show lower WUEi, although this relationship can be inverted, particularly under drought-110 
stress conditions. Contrasting to crops, information on woody species is still limited and has 111 
provided opposing results so far [14,23-28]. In this regard, the general patterns of the intra-112 
specific relationship between WUEi and tree growth have not yet been described. In the 113 
present work, we have carried out a meta-analysis on the association between δ13C and 114 
growth traits (height, radial growth and biomass) in woody species, with a focus on forest 115 
trees. To this end, potential differences in this association among functional groups, terrestrial 116 
biomes or environmental conditions for growth have been assessed. We hypothesize that 117 
13C-derived WUEi and growth would show positive intra-specific associations under non-118 
limiting water conditions and for fast-growing, highly productive species, when changes in A 119 
would play a major role controlling WUEi. Conversely, the opposite situation would prevail 120 
under drought stress and for less productive species, since growth potential may trade-off with 121 
drought resistance and, therefore, gs is expected to control WUEi. 122 
 123 
124 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
6 
2 Materials and Methods 125 
2.1 Data Collection 126 
We searched published articles from the databases "Web of Science", "Scopus", "Science 127 
Direct" and "Google Scholar" using the terms: ("genotypic variation" OR "genetic variation" 128 
OR "genetic differentiation" OR "genetics" OR "intraspecific variability" OR "population 129 
differences" OR "Genotype" OR "water use efficiency" OR "Carbon isotopic discrimination" 130 
OR "carbon isotope composition" OR "genetics of water- use efficiency" OR "genetic 131 
variation in water- use efficiency" OR "water deficit condition") AND ("relation to tree 132 
growth" OR "growth" OR "biomass production" OR "productivity" OR "height" OR 133 
"diameter" OR "volume") AND ("tree" OR "seedling" OR "forest"). References from each 134 
article were also systematically examined for suitable papers (backward search), which were 135 
then incorporated into the bibliographic database. We selected those papers reporting intra-136 
specific associations (Pearson correlation coefficients or genetic correlations) between carbon 137 
isotopes and growth traits based on common-garden experiments (either in the field or in 138 
pots). We also included those studies in which the correlation coefficients between δ13C and 139 
growth were not explicitly provided but, instead, useful data (genotype means) for 13C and 140 
growth could be retrieved from tables or graphs. In all cases, we only considered associations 141 
stemming from a minimum sample size of five genetic entities. 142 
 143 
We ended up with 49 articles in our dataset, published from 1994 to 2015, and one 144 
unpublished dataset from a congress proceeding. When correlations were available in the 145 
same paper for more than one species, type of genetic material, experimental condition, trial 146 
site or treatment, we counted them as independent studies. If correlation involving δ13C was 147 
reported for two or more growth parameters (height, diameter or biomass) in the same paper, 148 
we also considered each correlation as an individual study in the dataset. Nevertheless, we 1 9 
discarded clearly redundant correlations (e.g. with the same growth trait over time, or for the 150 
same trial accounting for different genetic levels, e.g. populations and families). This resulted 151 
in a total of 176 studies of 34 species in 16 genera. In those cases reporting correlations 152 
between growth and carbon isotope discrimination (∆13C), we simply changed the sign of the 153 
correlation coefficient, as ∆13C values are almost mirror images of δ13C records (provided the 1 4 
isotope composition of the air is constant across observations). Individual correlation 1 5 
coefficient (r) and sample size (i.e. number of genetic entities, n) were then tabulated for the 156 
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7 
meta-analysis (Appendix A, Tables A.1). 157 
2.2 Data analyses 158 
We conducted all the analyses using the metafor statistical package [29] in the R statistical 159 
environment (R 3.0.2, R Development Core Team, 2013). The meta-analytical model was 160 
fitted with the function rma.uni, and is a special case of the general linear (mixed-effects) 161 
model. The inputs for the model are assumed to be unbiased and normally distributed [29]. 162 
Therefore, we applied the 'Fisher' Z-transformation to calculate an effect size for each 163 
individual study according to a normal distribution: Z = 0.5 log [(1+r)/ (1-r)], with  the 164 
corresponding asymptotic variance as a function of sample size: vi=1/(n-3) [29,30]. To choose 165 
between fixed- or random-effects models, we considered the significance of the statistic Q (a 166 
Q test, seee [31]). The Q test determines the presence of heterogeneity, but it does not give a 167 
quantitative measure of the extent of such heterogeneity. Therefore, we also considered the I
2
 168 
statistic, as a quantitative measure of true heterogeneity to the total variance, that is, the 169 
proportion of the between-studies variability with respect to the total variability [32]. The 170 
meta-analysis provides an inference of the average true effect in the population of studies, in 171 
our case an estimated global correlation coefficient effect size (Gr), which has a normal 172 
distribution, equivalent to that of the individual Z-transformed effect sizes. Therefore, unlike 173 
correlation coefficients, Gr ranges between -∞ and +∞. Z values can be easily reverted to a 174 
correlation coeffient (range: -1 to +1) using the inverted Fisher transformation. However, 175 
since the value of Z and r do not differ substantially with r<0.50, and this was generally the 176 
case, for simplicity only the Gr coefficients were displayed throughout the manuscript. 177 
 178 
Firstly, a general meta-analysis was calculated for the whole dataset (N=176) of normalized 179 
(Z-transformed) effect sizes. Subsequently, a number of moderators (i.e. variables potentially 180 
explaining the hetereogeneity in the dataset) were tested using mixed-effects models [29]. 181 
These models provide an omnibus (Wald-type) test of the significance of model coefficients 182 
(QM statistic), informing on the amount of heterogeneity accounted for by the moderators 183 
included in the model (R
2
), as well as a test for the significance of differences among the 184 
different levels of the moderator. For those moderators showing a significant effect in the 185 
omnibus test, we then performed separate meta-analyses for each level of the variable. The 186 
moderators tested included both methodological and biological factors (see Table 1 for a list 187 
of moderators and their levels). As a general rule, we defined moderator levels according to 188 
the principle of parsimony, attempting to include the most relevant sources of variability, 189 
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8 
while ensuring a meaningful sample size within each level. For example, growth traits are 190 
determined and reported in miscellaneous forms in the literature (Table 1), but total height, 191 
diameter and stem biomass are the most frequent. Hence, growth traits were finally combined 192 
into three main groups: 'height', 'diameter' and 'biomass'. Similarly, 'leaves' and 'branchlets', 193 
among plant parts, and 'greenhouse' and 'nursery', were grouped together as 'green parts' and 194 
'controlled environments', respectively. About one fourth of the studies investigated the effect 195 
of δ13C on tree growth in two water treatments, irrigated and drought, and for these cases we 196 
tested water treatment as a potential moderator. The rest of studies were classified into two 197 
subsets, 'optimal' and 'suboptimal' testing conditions, according to the description given by the 198 
authors. We also tested a combination of these two factors, considering drought and irrigated 199 
treatments as suboptimal and optimal environments, respectively. A comprehensive list of 200 
studies, including the raw correlation values, and the assigned values for each moderator, is 201 
given in Appendix A (Tables A.1 and A.2).  202 
 203 
Finally, a potential publication bias (i.e. the tendency for non-significant results to remain 204 
unpublished) was tested with a regression test for funnel plot asymmetry [33] and the 205 
robustness of the overall effect tested with the fail-safe number [34]. The regression test 206 
assumes that if studies with small correlation coefficients remain unpublished this would 207 
result in an asymmetric funnel plot, and tests this by examining the relationship between 208 
observed values and the corresponding sampling variances, sample sizes or standard errors. 209 
The fail-safe number estimates the number of non-significant studies needed to make the 210 
current Gr non significant, and is usually compared against a reference value of 5n +10 [34]. 211 
212 
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9 
3 Results 213 
3.1 General trends in the relationship between 13C and plant growth traits 214 
We observed a general positive correlation between 13C and growth, combining the data 215 
from all species and growth traits (Gr= 0.28, P<0.0001; 95% Confidence Interval: 0.18-0.38). 216 
126 out of the 176 studies showed a positive trend, and about one third of the total (49) had 217 
significant positive correlations (p<0.05). On the contrary, only 7 studies showed a negative 218 
and significant correlation between 13C and growth. 219 
 220 
Despite the significant general trend, we observed a high level of variability between studies 221 
(Figure 1). The Q statistic for heterogeneity was significant (P<0.0001) for the whole dataset 2 2 
and also for most of the subsets tested, and the I
2
 statistic showed in most cases medium to 223 
high values (Appendix A, Table A.5). The only exceptions were the subsets 'Total dry mass', 224 
'Volume' and 'basal area index', among growth traits, and the experimental set-up 'nursery', 225 
which did not show significant heterogeneity, and showed low I
2
 values (Table A.5). Based 2 6 
on the heterogeneity test, we used fixed-effects model to calculate the Gr for these two 2 7 
subsets, and random-effects model for the rest of subsets. 228 
 229 
We did not find evidence for publication bias in our dataset. The regression test for funnel 230 
plot assymetry did not show any significant correlations with the predictors tested (sample 231 
size, sampling variance and standard error), and the fail-to-safe number for the whole dataset 2 2 
was very large (9007 studies), i.e. over ten-fold larger than the reference value (5 × 176 + 10 233 
= 890). 234 
3.2 Main factors affecting the relationship between 13C and growth 235 
As shown in Table 1, the test for moderators revealed strong differences among growth traits, 236 
explaining up to 25.8% of the total variability, considering the seven original levels, and 237 
18.5% after combining the different variables into three large groups (height, diameter and 238 
biomass). Nevertheless, taxonomic and ecological differences explained most of the between-239 
studies variability, with species, genus and biome explaining 85.0%, 73.7% and 19.5% of the 240 
heterogeneity, respectively (Table 1). The test for moderators also revealed strongly 241 
significant effects (P<0.001) of ontogenic stage (17.4% of the heterogeneity). Other 242 
moderators showed weaker but significant effects, such as experimental set-up, life-form, 243 
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10 
environment or plant part (Table 1). On the contrary, type of genetic material, type of 244 
correlation and leaf habit did not accounted for a significant amount of heterogeneity. The 245 
combination of the most significant experimental-related moderators (ontogenic stage, plant 246 
part, experimental set-up and environmental conditions) explained 21.7% of the total 247 
heterogeneity (QM= 28, d.f.=8, p = 0.0005). 248 
3.2.1 Growth traits, ontogenic stage and plant parts 249 
Among the different growth traits, total height, total stem biomass and total volume showed 250 
strongly significant (p<0.001) positive associations with δ13C, whereas total diameter and dry 251 
mass showed a weak, but still significant positive association (Table 2). Conversely, basal 252 
area increment showed a significant negative correlation (p=0.033), although based on only 253 
four studies. Neither height increment nor diameter increment were significantly associated 254 
with 13C. After combining the different growth traits into the three main groups (height, 255 
diameter and biomass), the same overall trends were observed. Whereas height- and biomass-256 
related traits maintained a strong positive association with δ13C (Gr = 0.28 and 0.68 257 
respectively), diameter-related variables did not show a common significant response (Table 258 
2). Among the 112 studies reporting correlations between 13C and height or biomass, about 25  
one third showed a significant positive association (19 for biomass and 20 for height). On the 260 
contrary, we did not find significant negative correlations with biomass, with only three cases 261 
for height (involving annual height growth in Juglans regia [23] and total height in Pinus 262 
halepensis [14]). 263 
 264 
Individual correlations between diameter and 13C showed positive trends in 38 out of 64 265 
studies, but only 10 showed a significant positive association, against 4 cases with negative 266 
significant correlations. We observed a high positive Z-transformed effect size on the 267 
correlation between diameter and δ13C for Salix clones [27], and for families of two boreal 268 
conifers, Picea mariana [24] and Larix occidentalis [28]. On the contrary, strong negative 269 
effects were observed for diameter increment in the Mediterranean J. regia [23], and total 270 
diameter in temperate Eucalyptus globulus [35] and the subtropical shrub Acacia senegal 27  
[13]. 272 
 273 
We also observed significant ontogenetic effects, such that Gr was weaker in adult trees 274 
(0.26) than in seedlings (0.44), and non-significant in saplings (p = 0.51; Table 2). Non-275 
significant global correlation in saplings was driven by a comparable proportion of negative 276 
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11 
and positive effects (18 and 22, respectively), and a similar amount of significant correlations 277 
in both senses (6 negative, 5 positive). Regarding the material used for the determination of 278 
13C, studies performed on green tissues (leaves and branchlets) showed a strongly significant 279 
positive correlation (Gr=0.36), whereas global effects on wood were weak and only 280 
marginally significant (Table 2). 43 out of the 137 studies using green tissues 13C showed a 281 
positive significant association with growth traits, against only 5 cases showing significant 282 
negative effects. Conversely, among the 39 studies using wood 13C, we found significant 283 
positive and negative effects in 6 and 2 studies, respectively. 284 
 28  
Considering the differential response of each growth trait, studies on saplings showed a 286 
negative (though non-significant) response to 13C in height and diameter, contrasting to the 287 
strongly significant positive association between 13C and biomass (p<0.001, Figure 2a). On 288 
the contrary, studies with seedlings and adult trees showed significant positive associations 289 
with all traits (Figure 2a). Growth traits also differed in their response to 13C measured in 290 
green tissues or wood (Figure 2b). Whereas the association between 13C and biomass was 291 
positive and significant regardless of the plant part used, height only showed a significant 292 
association with 13C when measured in green tissues. Diameter was not significantly 293 
correlated with either green tissue or wood 13C. 294 
 295 
3.2.2 Life form and biomes 296 
Plant growth was positively associated with δ13C in shrubs (Gr =0.57) and conifers (Gr = 297 
0.34; Table 2), but not in broadleaves (p = 0.25). For shrubs, the strongest positive 298 
associations were found in the subtropical Prosopis glandulosa [36] and among temperate 299 
Salix clones [27], and only one significant negative association was found in A. senegal [13]. 300 
Similarly, for conifers we only found one significant negative association in P. halepensis 301 
[14] against 28 out of 102 cases showing significant positive correlations. In general, boreal 302 
conifers showed the highest correlations, particularly strong for Picea mariana and Larix 303 
occidentalis under field conditions [37,38], but we also found strong positive associations in 304 
other biomes, e.g. for the temperate Pinus contorta [39], in a set of tropical pine clones [40] or 305 
in the Mediterranean Pinus pinaster [41]. Despite the lack of an overall trend among 306 
broadleaves, we still found a larger amount of positive significant associations (13 out of 57) 307 
than negative ones (5). The strongest positive effect was found for Castanea sativa [25] and 308 
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the subtropical tree Faidherbia albida [42], contrasting with the aforementioned negative 309 
effects in J. regia and E. globulus [23,35]. 310 
 311 
Among the different biomes, the Gr between 13C and growth was positive and strongly 312 
significant for subtropical, temperate and boreal species (0.20, 0.33 and 0.74 respectively), 313 
whereas we did not find a significant global trend within the Mediterranean biome (Table 3). 314 
For Mediterranean species, 26 out of 37 cases showed non-significant effects. Significant 3 5 
positive effects were found in 7 studies, six of them conducted in Pinus pinaster (e.g. 316 
[10,41,43]), and one for Quercus suber [44], and only 4 cases showed significant negative 317 
effects, in J. regia and P. halepensis [14,23].  318 
 319 
Looking at the response of the different growth traits across biomes, height followed the same 3  
global pattern, showing a significant positive association in all biomes, except the 3 1 
Mediterranean (Figure 3a). On the other hand, whereas diameter was only significantly 322 
associated with 13C in the subtropical and boreal biomes, biomass was positively associated 323 
with 13C in all biomes (Figure 3a). The distinction among biomes was also affected by the 324 
testing environmental conditions, showing larger differences under suboptimal than under 325 
optimal conditions (Figure 3b). All combinations of biome and environmental conditions 326 
showed positive and significant associations between 13C and growth, except for the 327 
Mediterranean biome, which showed opposite sign in optimal and suboptimal conditions, 328 
although not significant (Figure 3b). 329 
 330 
3.2.3 Experimental set up and environmental conditions 331 
Plant growth was positively associated with δ13C regardless of the experimental set-up, but 332 
the association was weaker in the field (Gr=0.17) than under controlled conditions 333 
(greenhouse and nursery; Gr = 0.56, Table 4). Regarding environmental conditions, both 334 
irrigated and drought treatments showed a significant positive correlation between 13C and 335 
drought (Gr=0.63 and 0.61, respectively, Table 4). We found significant positive effects in 8 336 
cases for droughted and 7 cases for irrigated. For the rest of studies, where a drought 337 
treatment was not applied, only those considered to be performed under near-optimal 338 
conditions resulted in a significant positive global effect (Gr=0.28). Within the optimal 339 
subset, significant positive correlations were clearly dominant (23 out of 88 cases), against 340 
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13 
only three cases showing significant negative correlations (in P. halepensis [14] and families 341 
of hybrid Populus [45]). Conversely, among the 49 studies performed under suboptimal 342 
conditions, we found a lower disproportion between positive and negative significant 343 
correlations (11 and 4, respectively). The positive and significant trend found in optimal 344 
conditions was maintained after combining optimal and irrigated subsets (Gr=0.34), whereas 345 
the combination of suboptimal and drought subsets still showed non-significant global effects 346 
(Table 4). Comparing different experimental set-ups, we found that the effect of 347 
environmental conditions was maximized in field trials, as compared to more controlled 348 
conditions, such as greenhouse or nursery (Figure 4). Whereas under controlled conditions we 349 
did not find differences between irrigated, drought and optimal environments (none of the 350 
controlled studies were classified as suboptimal), field studies only showed a positive 351 
significant trend under irrigated and optimal environments (Figure 4). 352 
353 
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4 Discussion 354 
4.1 Positive intra-specific association between WUEi and growth in woody plants 355 
Globally, 13C and growth showed an intra-specific positive correlation in woody plants. 356 
Among growth traits, biomass exhibited the strongest relationship with 13C, and also the 357 
most consistent one, with fairly homogeneous results across studies (I
2
=26.3). Indeed, none of 358 
the studies included in this meta-analysis showed a significant negative correlation between 359 
biomass and 13C. The correlation between 13C and height was also strongly significant, but 360 
weaker and with higher inter-studies variability. On the contrary, diameter did not show a 361 
significant general association with 13C. These results suggest that biomass, as the most 362 
integrative measure of plant growth, may also be the most directly linked to physiological 363 
processses determining WUEi. Several studies have pointed out that height is particularly 364 
sensitive to site-specific growing constraints, which could hinder the detection of intra-365 
specific associations between this trait and 13C. For example, a strong effect of nutrient and 366 
water availability on height has been reported in a wide range of growing conditions, from 367 
seedlings under controlled conditions [46] to adult trees in the field [47,48]. On the other 368 
hand, diameter is usually considered as the growth trait most sensitive to environmental and 369 
stand conditions [49], and this might be partly responsible for the contrasting relationships 370 
with 13C observed in this study. 371 
 372 
Seedlings showed the strongest correlation between growth traits and 13C, and this could be 373 
explained by the closer link between leaf-level processes such as WUEi and whole-tree 374 
physiology in young individuals, as compared to older trees [2,22]. The ontogenic stage effect 375 
on δ13C has been observed in several studies. For instance, Marshall and Monserud [50] found 376 
that inter-tree variability in 13C for ponderosa pine, western white pine and douglas-fir 377 
decreased from seedling to sapling and adult stages. Duquesnay et al. [51] also showed 37  
greater differences in 13C among young individuals of Fagus sylvatica than in mature stands. 379 
Considering the strong effect of ontogenic stage on the association between 13C and growth, 380 
it might be argued that the observed differences among growth traits may be partly due to an 381 
unbalanced distribution of studies. Most studies on biomass were perfomed at the seedling 382 
stage (85%), and none in adult trees, whereas for height we found 54% in seedlings and 26% 383 
in adult trees, and a similar number of studies reported correlations with diameter for 384 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
15 
seedlings, saplings and adult individuals (see Appendix A, Table A.3). Nevertheless, the 385 
larger magnitude of the correlations for biomass in both seedlings and saplings (see Figure 2) 386 
points towards actual differences among traits, rather than to a statistical artifact. Contrasting 387 
with ontogenic effects, experimental conditions (e.g. greenhouse or field trials) had a strong 388 
influence on the magnitude of correlations (see below), but this could not explain the 389 
diferences observed among growth traits. Although there were more studies on diameter in 390 
the field than in greenhouse, in both cases biomass was the growth trait with the greatest 39  
proportion of significant positive correlations (59% in the field, 39% under controlled 392 
conditions), whereas diameter showed the less consistent response (19% of cases with 393 
significant positive associations in the field, and none under controlled conditions). 394 
4.2 Apparent lack of trade-offs between growth and WUEi 395 
Contrary to our hypothesis, we did not find any general negative association between 13C 396 
and growth. In fact, Gr was either positive or non-significant for all subsets tested. This 397 
suggests that the genetic association between growth and WUEi in trees is mainly driven by 398 
changes in photosynthetic capacity, particularly among conifers, the most represented and 399 
homogeneous group in our study. When water becomes less limiting than other environmental 400 
factors, such as radiation or temperature, and assuming that growth is at least partly carbon 401 
limited, an increase in photosynthetic capacity would confer an ecological advantage by 402 
increasing growth rates, which would in turn translate into higher WUEi due to a 403 
maximization of the carboxylation processes per unit of water loss [11,12]. 404 
 405 
 406 
Contrary to our hypothesis, we did not find any general negative association between 13C 407 
and growth. In fact, Gr was either positive or non-significant for all subsets tested. This 408 
suggests that the genetic association between growth and WUEi in trees is mainly driven by 409 
changes in photosynthetic capacity, particularly among conifers, the most represented and 410 
homogeneous group in our study. When water becomes less limiting than other environmental 411 
factors, such as radiation or temperature, and assuming that growth is at least partly carbon 412 
limited, an increase in photosynthetic capacity would confer an ecological advantage by 41  
increasing growth rates, which would in turn translate into higher WUEi due to a 414 
maximization of the carboxylation processes per unit of water loss[11,12]. On the contrary, 415 
water-saving strategies in drought-adapted species would increase WUEi by means of a 416 
decrease in stomatal conductance, hence limiting photosynthesis and, subsequently, plant 417 
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16 
growth [10,52,53]. However, we only found significant negative correlations for three 418 
broadleaf species (J. regia, E. globulus, and hybrid Populus [23,35,45]), and one conifer (P. 419 
halepensis [14]) Among those, only P. halepensis is a species particularly adapted to water-420 
limited environments, and reportedly shows the aforementioned drought-avoiding strategy 421 
[52]. Despite the lack of statistical evidence for publication bias, a close look at the dataset 422 
suggests certain overrepresentation of highly productive species. For example, in the 423 
Mediterranean region, about 70% of the studies focused on Pinus pinaster, whereas the genus 424 
Quercus was represented in the whole dataset only by the evergreen Q. suber. Similarly, the 425 
genus Larix is only represented by Larix occidentalis, the largest and most productive species 426 
in the genus [54]. Unexpectedly, among the studies testing for the effect of water availability 427 
we did not find significant differences between irrigated and drought conditions, suggesting 42  
that drought treatments were either too mild or too brief as to result in a divergent response in 4 9 
plant 13C. On the other hand, it should be noted that the species tested in these experiments 430 
were also highly productive (P. pinaster, P. ponderosa, Eucalyptus spp., C. sativa, 431 
Pseudotsuga menziesii, L. occidentalis, Picea glauca). 432 
 433 
4.3 Association between WUEi and productivity varies across biomes  434 
and functional types 4 5 
The positive association between 13C and growth increased from water-limited to energy-436 
limited environments. Whereas in the Mediterranean biome the global correlation was not 437 
significant, subtropical and temperate species showed significant positive intra-specific 438 
associations, but still of lower magnitude than in boreal species. This partly supports our 439 
initial hypothesis, indicating that genetic differences in growth potential would become more 4 0 
positively associated with WUEi when moving from water-limited to energy-limited 441 
conditions. In this regard, Tang et al. [55] found a consistent increase in WUEi rising from 442 
subtropics to mid-high latitudes (around 50-60º N), which also points toward the existence of 443 
a gradient from water-driven to radiation-driven changes in WUEi. In line with the proposed 444 
water - radiation gradient, height was the growth trait showing the most consistent changes 445 
across biomes. This could be interpreted as a trade-off between the demand for light 446 
interception, and the increasing water and nutrient limitations with height [47,48]. 447 
Noteworthy,  the non-significant trend found in the Mediterranean biome was mainly 448 
attributed to the negative effect of studies performed under suboptimal conditions, hence the 449 
most susceptible to show this trade-off (Figure 3b). The varying intra-specific correlations 45  
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17 
between 13C and growth in water-limited environments may be a consequence of the greater 451 
environmental pressure under such conditions. Under stress, growth responses become 45  
strongly constrained by environmental factors, hence limiting the expression of genetic 453 
variability [56]. Indeed, environmental correlations between 13C and growth follow the 454 
opposite pattern along environmental gradients, showing higher correlations under water-455 
limited conditions [57].  456 
 457 
Unexpectedly, our meta-analysis did not reveal any significant intra-specific association 458 
between WUEi and productivity in broadleaves, contrasting with the consistent positive 459 
correlations found in conifers and shrubs. Despite the aforementioned bias towards the most 460 
productive species, the consistent positive association between 13C and growth in conifers 461 
might be related to ancestral physiological traits, in agreement with the slower evolution rates 462 
and less dynamic radiation of gymnosperms, as compared to angiosperms [4]. Conifers in 463 
particular have highly conserved anatomical traits, from subtropical to boreal biomes, and 46  
(both deciduous and evergreen) tend to show a limited reliance on pre-stored carbohydrates 465 
for secondary growth [58]. Altogether, this is likely to result in a tighter link between leaf-466 
level processes and whole-tree growth [15,52]. Conversely, broadleaves show large variations 467 
in terms of hydraulic conductivity and stomatal response, ranging from water-spending 468 
strategies in some ring-porous species to more isohydric responses in diffuse-porous [53]. In 469 
line with this, [55] reported contrasting environmental responses in 470 
(Mediterranean/subtropical) broadleaf evergreen and (temperate) broadleaf deciduous. 471 
Whereas broadleaf evergreens showed negative responses to radiation, and positive responses 472 
to water availability, the opposite was the case for deciduous forests. Noticeably, the only 473 
broadleaf evergreen in our study, the Mediterranean Quercus suber, showed a positive 474 
association between 13C and growth, contrasting with the strong negative associations found 475 
for the meso-Mediterranean J. regia [23]. Although not included in the analyses due to the 47  
small sample sice, other studies with deciduous oaks did not found clear associations between 477 
growth and 13C [59,60]. Overall, the complexity in the response of broadleaves cannot be 478 
definitively solved with the rather unbalanced information present in the literature, but a 479 
closer look into the underlying anatomical and/or phylogenetic traits might help to ellucidate 480 
these contrasting patterns. 481 
 482 
4.4 Experimental conditions maximizing the relationship  483 
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between WUEi and productivity 484 
Ecological and/or functional inter-specific differences (e.g. across species, genera or biomes) 485 
appeared as the main drivers of between-studies heterogeneity. However, experimental 486 
conditions also exhibited a significant effect on the intra-specific association between 13C 487 
and growth. The strength of the genetic link between growth and 13C decreased with 48  
experimental upscaling, from greenhouse and growth-chamber experiments to nursery and 489 
field trials. These findings exemplify the constant dilemma for plant breeders: either 490 
maximizing genetic response under optimal, controlled conditions, or obtaining a more 491 
realistic, but noisier, evaluation in the field [5,8]. Our meta-analysis also revealed that leaf 492 
13C (rather than wood 13C) was more consistently associated with growth. Several studies 493 
have shown that the original isotopic signal imprinted in the leaves can be dampened, or even 494 
reversed, due to post-photosynthetic fractionation processses during the export and transport 495 
of assimilates from the leaves to the trunk [15]. Hence, although wood 13C offers greater 496 
time-integration, the use of leaf 13C provides a more direct insight into leaf-level processes. 497 
The interference caused by post-photosynthetic transport processes in large trees, together 498 
with the larger proportion of leaf biomass in young individuals (and overall higher whole-499 
plant metabolic activity, see e..g [22]), could also explain the stronger correlations observed in 500 
seedlings, as compared to saplings and adult trees. Overall, our findings highlight that 13C 501 
has a tighter correlation with growth in small-scale systems (e.g. juvenile vs. adult, 502 
greenhouse vs. field). However, the strong correlations found in greenhouse experiments and 503 
seedlings may not necessarily hold in the field for adult trees (see e.g. [37]), and in this regard 504 
further research on the upscaling from seedling experiments to field trials using adult trees is 505 
needed [5,43,50]. 506 
 507 
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 509 
5 Conclusions 510 
Our meta-analysis indicated that intra-specific differences in biomass production, and to a 511 
lesser extent, height, are mainly associated to enhanced WUEi, whereas diameter showed no 512 
significant association with WUEi. Contrary to our hypothesis, we did not find a consistent 513 
negative growth response to increasing WUEi under suboptimal conditions. Nevertheless, the 514 
strength of the genetic association between growth and WUEi clearly increases from water-515 
limited to energy-limited environments, e.g. from Mediterranean to subtropical, temperate and 516 
boreal biomes, or from suboptimal to optimal testing conditions. The bias in number of 5 7 
genetic studies towards the most productive species, particularly under Mediterranean 5  
conditions, may be partly responsible for the limited amount of significant negative 519 
associations reported in the literature, which contrasts with the trade-offs between growth and 520 
drought adaptations widely reported in ecological studies. Conifers show more consistent 521 
positive correlations between WUEi and growth than broadleaves, probably linked to more 522 
conserved anatomical and physiological traits. The correlation between growth and WUEi is 5 3 
maximized for seedlings evaluated under controlled and optimal conditions, and with leaves 5 4 
as sampling material, highlighting that the link between leaf-level physiology and growth 525 
decreases with the complexity of the system. 526 
527 
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Table 1. Summary of results from the mixed-effect models used to test the influence of 717 
potential moderator variables on the relationship between 13C and growth. n: number of 718 
studies. QM, test statistic for the Wald-type test of model coefficients (moderators), p, 719 
significance of the QM statistic; R
2
, amount of heterogeneity accounted for by the moderators 720 
included in the model. Ht, Dm, Bm, TDM and Vol, total height, diameter, stem biomass, total 721 
dry mass and stem volume, respectively; HI, DI and BAI, annual increment in height, 722 
diameter and basal area, respectively. 723 
 724 
Moderator Levels n QM p R
2 
(%) 
Growth trait Ht, HI, Dm, DI, BAI, Bm, TDM, Vol 176 44 <0.0001 25.8 
 Height(Ht+HI), Diameter(Dm+DI & BAI),  176 26 <0.0001 18.5 
 Biomass(Bm+TDM+Vol)     
Genetic material Populations, families, clones 176 1 0.6093 0.0 
Correlation Genetic, phenotypic 176 0 0.6907 0.0 
Ontogenic stage Seedling, sapling, adult 176 22 <0.0001 17.4 
Plant Part Wood, leaves, branchlets 176 7 0.0274 3.0 
 Wood, green(leaves+branchlets) 176 7 0.0081 4.1 
Life form Broadleaf, conifer, shrub 176 8 0.0232 6.6 
Leaf habit Evergreen, deciduous 176 1 0.4538 0.7 
Biome Mediterranean, subtropical, 176 25 <0.0001 19.5 
 temperate, boreal     
Genus Acacia, Araucaria, Austrocedrus, 176 196 <0.0001 73.7 
 Castanea, Eucalyptus, Fagus, Faidherbia,     
 Juglans, Larix, Picea, Pinus, Populus,      
 Prosopis, Pseudotsuga, Quercus, Salix     
Species 24 species (see Appendix A, Table A.1) 176 293 <0.0001 85.0 
Experimental set-up Greenhouse, nursery, field 176 12 0.0021 9.5 
 Greenhouse(+nursery), field 176 12 0.0005 10.1 
Water Treatment Irrigated, drought 39 0 0.9467 0.0 
Environment Optimal, suboptimal 137 6 0.0170 6.1 
Environment+Water Optimal(+irrigated),  176 3 0.0926 2.4 
 suboptimal(+drought)     
 725 
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Table 2. Association between δ13C and growth depending on methodological issues: growth 727 
trait, ontogenic stage and plant part. n, number of studies; Gr, global estimated correlation 728 
coefficient; Confidence Interval, 95% confidence interval of the global estimate; p, level of 729 
significance of the global estimate. 730 
 731 
Moderator Level n Gr p 
      [Confidence Interval]   
 Height (Ht) 65 0.35 [0.20 , 0.50] <0.0001 
Growth trait Height increment (HI) 7 -0.33 [-0.95 , 0.29] 0.2926 
 Height(Ht+HI) 72 0.28 [0.12 , 0.44] 0.0006 
 Diameter (Dm) 48 0.11 [0.02 , 0.20] 0.0135 
 Diameter increment (DI) 12 -0.15 [-0.67 , 0.36] 0.5601 
 Basal area increment (BAI) 4 -0.57 [-1.09 , -0.05] 0.0330 
 Diameter(Dm+DI+BAI) 64 0.04 [-0.12 , 0.19] 0.6484 
 Stem Biomass (Bm) 35 0.69 [0.52 , 0.85] <0.0001 
 Total Dry Mass (TDM) 12 0.47 [0.04 , 0.90] 0.0306 
 Volume (Vol) 5 0.64 [0.32 , 0.95] <0.0001 
  Biomass (Bm+TDM+Vol) 40 0.68 [0.54 , 0.83] <0.0001 
 Seedling 97 0.44 [0.33 , 0.56] <0.0001 
Ontogenic stage Sapling 40 -0.07 [-0.28 , 0.14] 0.5111 
  Adult 39 0.26 [0.07 , 0.45] 0.0066 
 Leaves 131 0.35 [0.22 , 0.48] <0.0001 
Plant part Branchlets 6 0.46 [-0.01 , 0.92] 0.0525 
 Green(Leaves+Branchlets) 137 0.36 [0.23 , 0.48] <0.0001 
  Wood 39 0.07 [-0.01 , 0.15] 0.0754 
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Table 3. Association between δ13C and growth depending on ecological traits: life form and 733 
biome. n, number of studies; Gr, global estimated correlation coefficient; Confidence Interval, 734 
95% confidence interval of the global estimate; p, level of significance of the global estimate. 735 
 736 
Moderator Level n Gr p 
      [Confidence Interval]   
 Broadleaf 57 0.12 [-0.08 , 0.32] 0.2510 
Life form Conifer 102 0.34 [0.25 , 0.44] <0.0001 
  Shrub 17 0.57 [0.06 , 1.08] 0.0289 
 Mediterranean 37 -0.07 [-0.32 , 0.18] 0.6005 
Biome Subtropical 43 0.20 [0.12 , 0.27] <0.0001 
 Temperate 76 0.33 [0.20 , 0.47] <0.0001 
  Boreal 20 0.74 [0.51 , 0.98] <0.0001 
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Table 4. Association between δ13C and growth depending on experimental set-up and 738 
environmental conditions. n, number of studies; Gr, global estimated correlation coefficient; 739 
Confidence Interval, 95% confidence interval of the global estimate; p, level of significance 740 
of the global estimate. 741 
 742 
Moderator Level n Gr p 
      [Confidence Interval]   
  Greenhouse (Grh) 49 0.58 [0.42 , 0.74] <0.0001 
Experimental set-up Nursery (Nrs) 5 0.45 [0.11 , 0.78] 0.0091 
 Controlled(Grh+Nrs) 54 0.56 [0.42 , 0.71] <0.0001 
  Field 122 0.17 [0.06 , 0.29] 0.0038 
  Irrigated 19 0.63 [0.35 , 0.90] <0.0001 
Environment Drought 20 0.61 [0.34 , 0.89] <0.0001 
 Optimal 88 0.28 [0.17 , 0.40] <0.0001 
 Suboptimal 49 0.03 [-0.18 , 0.25] 0.7702 
 Optimal (+Irrigated) 107 0.33 [0.23 , 0.44] <0.0001 
  Suboptimal (+Drought) 69 0.18 [-0.01 , 0.37] 0.0582 
 743 
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Figure captions 745 
 746 
Figure 1. Z-transformed effect size and 95% confidence intervals (error bars) of individual 747 
studies correlating carbon isotope composition (δ13C) and growth in woody species across 748 
different biomes and life forms. Study numbers refer to the identification given in Appendix 749 
A (Table A.1). 75  
 751 
Figure 2. Global estimated correlation coefficient (Gr) and standard error of the estimate 752 
error bars) for the relationship between carbon isotope composition (13C) and different 753 
growth traits in relation to a) ontogenic stage and b) plant part used for isotope analyses. 754 
Letters denote significant differences (P<0.05) among levels of the moderator factor (growth 755 
trait) for each ontogenic stage (a) and plant part (b). 756 
 757 
Figure 3. Global estimated correlation coefficient (Gr) and standard error of the estimate 758 
error bars) for the relationship between carbon isotope composition (13C) and growth in 759 
different biomes, in relation to a) the growth trait considered and b) environmental testing 760 
conditions (optimal+irrigated / suboptimal+drought). Letters denote significant differences 761 
(P<0.05) among levels of the moderator factor (biome) for each growth trait (a) and 76  
environmental conditions (b). 763 
 764 
Figure 4. Global estimated correlation coefficient (Gr) and standard error of the estimate 765 
error bars) for the relationship between carbon isotope composition (13C) and growth under 766 
different environmental conditions, in relation to the experimental set-up (under controlled 767 
conditions -greenhouse and nursery- or in the field). Letters denote significant differences 768 
(P<0.05) among levels of the moderator factor (environment) for each experimental set-up. 769 
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Table 1. Summary of results from the mixed-effect models used to test the influence of 
potential moderator variables on the relationship between 13C and growth. n: number 
of studies. QM, test statistic for the Wald-type test of model coefficients (moderators), 
p, significance of the QM statistic; R
2
, amount of heterogeneity accounted for by the 
moderators included in the model. Ht, Dm, Bm, TDM and Vol, total height, diameter, 
stem biomass, total dry mass and stem volume, respectively; HI, DI and BAI, annual 
increment in height, diameter and basal area, respectively. 
 
Moderator Levels n QM p R
2 
(%) 
Growth trait Ht, HI, Dm, DI, BAI, Bm, TDM, Vol 176 44 <0.0001 25.8 
 Height(Ht+HI), Diameter(Dm+DI & BAI),  176 26 <0.0001 18.5 
 Biomass(Bm+TDM+Vol)     
Genetic material Populations, families, clones 176 1 0.6093 0.0 
Correlation Genetic, phenotypic 176 0 0.6907 0.0 
Ontogenic stage Seedling, sapling, adult 176 22 <0.0001 17.4 
Plant Part Wood, leaves, branchlets 176 7 0.0274 3.0 
 Wood, green(leaves+branchlets) 176 7 0.0081 4.1 
Life form Broadleaf, conifer, shrub 176 8 0.0232 6.6 
Leaf habit Evergreen, deciduous 176 1 0.4538 0.7 
Biome Mediterranean, subtropical, 176 25 <0.0001 19.5 
 temperate, boreal     
Genus Acacia, Araucaria, Austrocedrus, 176 196 <0.0001 73.7 
 Castanea, Eucalyptus, Fagus, Faidherbia,     
 Juglans, Larix, Picea, Pinus, Populus,      
 Prosopis, Pseudotsuga, Quercus, Salix     
Species 24 species (see Appendix A, Table A.1) 176 293 <0.0001 85.0 
Experimental set-up Greenhouse, nursery, field 176 12 0.0021 9.5 
 Greenhouse(+nursery), field 176 12 0.0005 10.1 
Water Treatment Irrigated, drought 39 0 0.9467 0.0 
Environment Optimal, suboptimal 137 6 0.0170 6.1 
Environment+Water Optimal(+irrigated),  176 3 0.0926 2.4 
 suboptimal(+drought)     
 
 
Table 1
Table 2. Association between δ13C and growth depending on methodological issues: 
growth trait, ontogenic stage and plant part. n, number of studies; Gr, global estimated 
correlation coefficient; Confidence Interval, 95% confidence interval of the global 
estimate; p, level of significance of the global estimate. 
 
Moderator Level n Gr p 
      [Confidence Interval]   
 Height (Ht) 65 0.35 [0.20 , 0.50] <0.0001 
Growth trait Height increment (HI) 7 -0.33 [-0.95 , 0.29] 0.2926 
 Height(Ht+HI) 72 0.28 [0.12 , 0.44] 0.0006 
 Diameter (Dm) 48 0.11 [0.02 , 0.20] 0.0135 
 Diameter increment (DI) 12 -0.15 [-0.67 , 0.36] 0.5601 
 Basal area increment (BAI) 4 -0.57 [-1.09 , -0.05] 0.0330 
 Diameter(Dm+DI+BAI) 64 0.04 [-0.12 , 0.19] 0.6484 
 Stem Biomass (Bm) 35 0.69 [0.52 , 0.85] <0.0001 
 Total Dry Mass (TDM) 12 0.47 [0.04 , 0.90] 0.0306 
 Volume (Vol) 5 0.64 [0.32 , 0.95] <0.0001 
  Biomass (Bm+TDM+Vol) 40 0.68 [0.54 , 0.83] <0.0001 
 Seedling 97 0.44 [0.33 , 0.56] <0.0001 
Ontogenic stage Sapling 40 -0.07 [-0.28 , 0.14] 0.5111 
  Adult 39 0.26 [0.07 , 0.45] 0.0066 
 Leaves 131 0.35 [0.22 , 0.48] <0.0001 
Plant part Branchlets 6 0.46 [-0.01 , 0.92] 0.0525 
 Green(Leaves+Branchlets) 137 0.36 [0.23 , 0.48] <0.0001 
  Wood 39 0.07 [-0.01 , 0.15] 0.0754 
 
Table 2
Table 3. Association between δ13C and growth depending on ecological traits: life form 
and biome. n, number of studies; Gr, global estimated correlation coefficient; 
Confidence Interval, 95% confidence interval of the global estimate; p, level of 
significance of the global estimate. 
 
Moderator Level n Gr p 
      [Confidence Interval]   
 Broadleaf 57 0.12 [-0.08 , 0.32] 0.2510 
Life form Conifer 102 0.34 [0.25 , 0.44] <0.0001 
  Shrub 17 0.57 [0.06 , 1.08] 0.0289 
 Mediterranean 37 -0.07 [-0.32 , 0.18] 0.6005 
Biome Subtropical 43 0.20 [0.12 , 0.27] <0.0001 
 Temperate 76 0.33 [0.20 , 0.47] <0.0001 
  Boreal 20 0.74 [0.51 , 0.98] <0.0001 
 
Table 3
Table 4. Association between δ13C and growth depending on experimental set-up and 
environmental conditions. n, number of studies; Gr, global estimated correlation 
coefficient; Confidence Interval, 95% confidence interval of the global estimate; p, level 
of significance of the global estimate. 
 
Moderator Level n Gr p 
      [Confidence Interval]   
  Greenhouse (Grh) 49 0.58 [0.42 , 0.74] <0.0001 
Experimental set-up Nursery (Nrs) 5 0.45 [0.11 , 0.78] 0.0091 
 Controlled(Grh+Nrs) 54 0.56 [0.42 , 0.71] <0.0001 
  Field 122 0.17 [0.06 , 0.29] 0.0038 
  Irrigated 19 0.63 [0.35 , 0.90] <0.0001 
Environment Drought 20 0.61 [0.34 , 0.89] <0.0001 
 Optimal 88 0.28 [0.17 , 0.40] <0.0001 
 Suboptimal 49 0.03 [-0.18 , 0.25] 0.7702 
 Optimal (+Irrigated) 107 0.33 [0.23 , 0.44] <0.0001 
  Suboptimal (+Drought) 69 0.18 [-0.01 , 0.37] 0.0582 
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